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SUMMARY

TOENGINE -

A one-dimensionalanalysisof theresultsoftheparallel-j~
mixingencounteredtithetestdngofengtiesin supersonictid
tunnelsisreported.Eqzatiauswerederivedfordetermin~the
totalpressureandMachnumberbehtidthetunnelterdnalshock.
Themethodrepresentsa simpleprocedurefordetexminingthese
quantitieswhilea tunnelisstillinthedesi~ stage.A specific
exampleofthemethodistacluded.

.

Theresultsof
pressures,andMach
testingofengines.
withthetunnelair.

nl’TRoDumoN

mfxingtwostreamsofd,iffermttemperatures~
numbersareofimportanceinthewind-tunnel
Ina tunneltheexhau6tgasesoftheengtiemix
Theeffectof sucha mixinguponthetotal

pressureandMch numberofthecombinedstreamsisofparticular
titerest.Theevaluationoftheseeffectsas functionsofen@ne-
perfonanceparametersisof impo~oe indeterminingthetunnel
powerrequirements.

Thepresenttivestigatim,madeattheMCA Lewislaboratory,
isconcernedtiththeanalysisoftheresultsofthismixingprocess
bymeansofone-dimensional-fluwequations.Themalysisis
restrictedtothecaseinwhichtheareaoftheresultmtstreamis
equalto thesumoftheareasoftheorig~l streans.As a result
.ofthisrestricttm,thesolutimismadedependautuponthe
upstreamconditimsonly.TM existenoeofanyareachangeswould
makeitnecesseryto evaluateanyaxialforcesW ticludethem
inthemomantumequation.Suchforceswouldbe dependentuponthe
strengthsandpositionsofmy shocksinthemixlq regicm;these
inturnwouldbe dependentuponthedownstreamstaticpressure.

.- — .— —.— --
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Thesoluticm,when-a changesexist,isthereforedependent,fora
givensetofupstreamconditions,uponthedownstreamstaticpressure.

Thesoluticmaspresentedisalsoapplicableto problemsassociated
withthemtzinginlongcylindricalejectorsandto anyotherproblems

,,
N

towhichtherestrictionsmadeintheanalysisapply.
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Thefollowingsymbolsareusedinthisreport:

streamcross-sec-tionalarea

specifioheatofatiat constm.tpressure

heatingvalueoffuel,13tu/13

Q3/Ql,deftied~ eq.(9)

Machnumber

airflowthroughenghejlb/see

fuelmass-fluwrate,lb/seo

totalmass-flowrateoftwostreamsbehg mixed,lb/see
(massoffuelnotticluded)

totalpressure

staticpressure

totaltemperature,%

statictemperate,%

definedh eg..(7)

definedineq.(8)

productofareamd staticpressureratiosoftwostreamsbe~
mixed,A2P2/AIPl

ratioof specifioheatsforair

-1

.

-— -.
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,

ATacrosscombustimchamber
7C combustionefficiencyofengine, maximumpossibleAT

e ratioof

E ratioof

‘c ratioof

statictemperaturesinstreamsbeingmixed,t2/tl

Maohnumbersof stre- beingmixed,M2/M1

totaltemperaturesin streamsbeingmixed,T2/T~

9 a functionofMmh number, \ J

(1+ ;2)2

Subscripts:

m measuredvalue(fig.6)

max JMXXimUmmeasuredvalue(fig.6)

o conditions

1 conditions

2 conditicms

3 Conaitims

in

in

in

engineinletstreamtube

tunnelstreamadjacenttoengineexitstation

exhaudstreamat engineexitstaticm

aftermixing

behindnormalshook(correspondingto nnprimedconditions

Superscripts:

1 conditions
of samesubscriptaheadof shook)

It conditionsinresultantstreamafterheatadditioninmixing
region(correspond@to qumtitiesof samesubscriptbefore
heatadditian)

.

MIXtNGEQUATIOIiS

Derivation

Theanalysisisrestrictedtothecaseof one-dimensicmalflow,
wheretheareaofthestreamsafterm- isequaltothesumofthe
areasofthetwostreamsbehg mixed(seesketch}.Themomentum
equatianmaycontainno bodyforcetermsbetweentheinitialand
finalstationsatw.blchthefluwisuniform.

——— — -———
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Mixhg region

.1 I
2

Theequaticmsrelatingccmditions“lefore‘andafterthemtxlng
process=e (sticeA1+A2=A3):

Momentumequaticm

(1)PIA@ + ?&) + P#2(l + 7M22)= P3A3(1+ 7M32)

Energyequation

( ) (
-1

)P#-&~ 1++~2 +PZ$2*M21+ +%2

J(
-17

)
= p3A3 t3M3 1 + 2 M32

Continuityequaticm

Theassumption
avoidthenecessity

(2)
.

of
of

PIAIMI P##2 P3A3M3—=
*’6 &

(3)

cmstant 7 and ~ wabmadeinorderto
a trial-ad-errwsolution.Thevalidityof

thisassumptionisdiscussedinappendbA.

Theeffectsofviscosityh theboundarylayeralongthewallof
thechannel(frictionforce)areneglectedthroughoutthismlysis.

— ——. —.—— —— —
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h mosttunnelssuitable
relativetothepressure
Theeffectsofviscosity
irrelevzmtifcmditicm

xl’D
r Divisionofeachof

termfields

for

and

enginetesting,thisforceissmall.
mmentulac-es ofthemainstream.
turbulenceh themixingprocessare

at statim3 =e uniform,asassumed.

equaticms(1),(2),and (3)by itsftist

. where a,c, and 6’aredeftiedas

r

TheparametersXand Y~e
) .

(4)

(5)

(6)

definedas follows:

1 + w%‘

Equations(4),(5),and (6)mayhe combtiedto eltite the
U@KWllS p3 and t3, leav@ M3 asthemly remainingunlnown.
Multiplyingequations(5)and (6),divid

equation(4),andsetting
,2(1 ,+qb:;:; ‘f

(1+.@)2

( J(1+ OXY+3)1+=~3
e

(1+M)2 ‘m==
. whichshsllbe designatedthemixingequation.

(7)

(8)

(9)

—— — .
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Theknowncanditicznsat statians1
to findthevalueof Q3. Thefunctim

lJACATN 2918

md 2 andequation(9)areused
g iSplotteda@n8t Mach

numberinfigure1. Thecurvesshowthatforvaluesof q greaterthm
approximately0.105,M isdouble-valuedin Q. Thetwovaluesof M
arethesupersmicandsubsonioMachnumbersoneithersideofa normal
shock.Thismayhe shownanalyticallyfroma solutionoftheequatims
govezmjngchangesacrossa nozmalshock.Asno restrictionsweremade
inthederivaticm,itis3nferredthat(forthesubsonicsolution)
thefhal cmditimsareindependentoftheorderof occurrenceofthe
processesofm~n andshock.E additimjtheexistenceofonly

.

twosoluticmfortheMachntier tier mixing@lies tidependenceof
thetypeof shocksystmntithemixingregion.

To determinewhichvalueof M3
m he distinguished:

(a)Themixingstreamsareboth
solutim M3t isalwaysthecorrect

isphysicallycorrect,threeoases

subsonic.h thiseasethesubsonio
one,sincethesuperscmiosolution u

tillresulttia netdecreaseinentropy.

(b)Them&ing streamsarebothsupersonic.kthem~of two
supersonicstreamsbothsolutionsarephysicallypossible.Thesuper-
sonicsolutionwilloccurwhenthecunditimsrequirethattheback
pressure(staticpressureaftermmklnn)be low. J3?thisbackpressure
ishigh,shockswillexistinthemixhg regim andtheresultit
streamwXU.be sulsonic.Choiceofthesolutionisthereforedictated
by theparticularproblemtowhichtheresultsareapplied.

(c)Onestreami.ssupersonicwhiletheotherissubsonio.Inthis
casethesubsmicsoluticmisalwayspossible.Thesupersonicsolution
isvalidh caseswheretlmsubsonicjetismch smallerthahthe
supersonicstream.Theexistenceof sucha supersonicsolutimis
detenntiedby an investigationoftheentropyohemgeintheprocess.
H bothsolutions=e possible,thechoiceisagatidepandentupm
theparticularproblemunderconsideration.

temperature-(Z= 1)
reduoesto

Whena solutim
(eitherfromeq.(9)
and(6)to find P3

will
problemofmixingtwostreamsofequaltotal
arise.Here,since e =z/Y, equatim(9)

(lo)

fortheMachnumberaftermixinghasleanobtained
●

2
or eq..(10)),substitutionmaylemadeInequations(4)
and t3,respectively. .

—— —. . — —
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Discussion

NJ”e‘1+

r

.

Thecomplexityofthemixingequationmakesitdifficultto determine,
by inspection,theeffectsupontheresultantstreamcausedby variation
inthevaluesofeachofthenondimensionalparameters.Inan effortto
illustratescnneoftheseeffects,samplecalculationsforan Ml of
3.0wereperfomed.Theresultsareplottedin figures2 and3. The
subsonicJ@chnumberaftermixingM31 isplottedinfigure2 asa
functionoftheparametera fora fewchosencombinationsof ~ and
e. Thetotal-pressureratio P31/plisplottedinfigure3 asa function
ofthesameindependentvariables.Thecombinationsof ~ and 8 were
chosento illustrateseparatelytheeffectsofdifferentMachnumbersand
differentstatictemperaturesinthemixingstreams.

As seeninfigure2,mixingstreamsofdifferenttemperatures
(13# 1)causedan increaseinthesubsonicMachnumleraftermixtig
overthereferencevalue (~= 1, 0 = 1;no?mal-shocksolutionfor
Ml = 3.0). Thisincreaseisgreatestat a = 1,foranyvalueof 6.
As a approachesO or ~, the M3t curvesapproachthereferenceline
asymptoticallyaswouldbe expected,sincethesevaluesof a imply
thattheareaofoneofthemixingstreamsisnegligiblewithrespect
tptheother.

TheeffectsofmixingstreamsofdifferentMachnumber (E+ 1)
me observedto varygreatlywiththevalueof ~; however,a few
generalconclusionsaboutthesevariationsmaybe stated.Foranyvalue
of ~, thecurveisasymptotictothereferencelineas a approaches
zero.If a valueof g > 1 isused,theresultingcurverisestoa
peakat somevalueof a lessthanunity.Thecurvethendropsbelow
thereferencelineandapproachesa valueof M31 asymptoticallyas
a approaches=, Thisvalueof M31 isthesubsonicMachnumber
behinda normalshockata MachnumberM2 (M2= EM1). For ~e 1,
thecurvesriseabovethereferencelineandreacha peakat s
valueof a largerthanthosevaluesshownon thefigure.(Differ-
entiationofthemixingequaticmwithrespectto a showsthatthe
curveofresultantMachnumberhasonepeakforanyvaluesof ~ and
e,exceptthecombinationK = 1, 13= 1.) As a approaches- these
curvesarealsoasymptoticto someMachnumberM3~. Thisvalueis
eitherthesubsonicMachnumberbehinda shockatMachnumberM2
(for‘M2> 1),or M2 itself(forM2< 1).

b thecomputationsforthetotal-pressureratiosP31/pl,some
assmptionhadtobemadeconcerningthevariablea. WhiletheMach
numbercurves(fig.2)arequitegeneral,thetotal-pressure-ratio
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curvesdependuponthe‘actualcomponentsof a, t~t is,upon P2/P1 ad
A2/Al (seeeq.(4)). Theratio p2/plwasthereforearbitrarilychosen
tobe unity,andhence a,infigure3,representsthearearatioA2/Al.

For < = 1 anddifferentstatictemperatures(f3~ 1),thepressure-
ratiocurves(fig.3(a))fallbelowthereferenceline,becomeasymptotic
tothislineas a approachesO or m, andhavea mintiumpointat
a= 1. Thedecreaseintotalpressuroisdueto theheatexchangebetween
thestreamsbeingmixedandthenetentropyincreaseassociatedwiththis
heatexchange.

For g+ 1 (unequalMachnumbers),thecurves(fig.3(b))are
asymptotictothereferencel.lneas a approacheszero.As a increases,
thecurvesdepartfrmnthereferenceline,fallingaboveorbelowitas
5 isgreaterthanorlessthanunity,respectively.As a approaches
inf=ty, thesecurvesapproachthevaluesJ?2,/Pl(forM2 =Wl> 1)
or P2/Pl (forM2< 1).

.

APPIZCA’ITON‘IOECWCNETESTIITGINSUPERSONICWINDTUNNELS

Theequationsjustderivedmaybe appliedinthedesignofa super-
sonicwindtunnelinwhichenginesaretobe tested.In sucha tunnel
theexhaustgasesoftheen@e mixwiththetunnelair;thism~g
affectsthevaluesoftheresultantMachnumberandtotalpressure.The
evaluationoftheresultantstreampropertiesas functionsofengine-
perfomnanceparametersisoftiportanceindeterminingthepowerand
pressure-ratiorequirementsofthetunnel.Thearrangementis
schematicallyillustratedinfigure4.

At theengineexitstation,meanvaluesoftheflowpropertiesof
thetunnelstream(station1)arerequiredfortheone-dimensional
analysis.If A2/Ao is closetounityandtheengineis operatingata
mass-flowratioofunity,thesemeanconditionsmaybe takenasfree-
streamconditions.Moreaccuratemeanvaluesmaybe obtained,if
necessery,by constructingtheflowfieldpasttheoutersurfaceofthe
engine.

I?lowpropertiesh theexhaustjetattheengineexit(station2)
maybe evaluatedas functionsofengine-performanceparameters(%/%,

—

M2,‘c).Again,theassumptionofan engineoperatingatamass-flow
ratioofunityismade. Ifthemassofthefuelisneglected,the
conditionof constantmassflowyieldsthefollowingrelationbetween .
enginepressurerecovery,exhaust-jetMachnumber,andtotal-temperature
ratio: .
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=%J!!]+(,1)
If thegeometryoftheenginetobe tested(M2 isa functionofexhaust-
nozzlegeometryonly)and T areknown,equation(11)profidesa means
of calculatingthetotalpressureintheexhaustjet.

Oncetheconditionsintheexhaustjetandtheadjacenttunnel
streamhavebeendetermined,usemaybe madeofthemixingequation
(eq.(9))to evaluatetunnelMachnumberandtotalpressureafter
mixing.Forthisapplication,station3 mustbe assumedtobe a suitable
distancedownstreamofthetunnelterminalshock,=d hence,thesubsonic
solutionto themixingequationisthepropersolution.Thereasonsfor
thisassumptionareclearlyillustratedinfigures5 and6. lHgure5
showsa jetexhaustingintoa supersonicstream.Thejetis olserved
to expandslightlyto satisfyambientstatic-pressureconditions,but
littlemixingisobserved.Thisisfurtherevidencedby the‘temperature
profilespresentedinfigure6. Theseprofiles,whichareaffectedhy
theamountofmixing,showthatthemajorportionofthemixingoccurs
ina regiondownstreamofthetumnelterminalshock,andhencethe
requirementthatstation3 be a suitabledistancedownstreamofthe
terminalshock.

AdditionalchangesinMachnumberandtotalpressuremaybe caused
by heatadditicminthemixingregion.Thisisusuallythecasein
enginetesting,forexcessfuelis carriedoutoftheengineinthe
exhaustjet. Thisfuellmrnsinthemixingregionjustdownstreamof
thetunnelterminalshock.Figure7 illustratesthiseffect.Inamnuch
as littlefuelisusuallycarriedoutwiththee-ust @s~ as c~p~d
withthetotalmass-flowrate %, the~~itude of~Y c~ges due
to thisburningmaybe small,andinmanycasescanbeneglected.
JhappendixB,relationsarederivedwhichmaybe usedinevaluating
thechangesduetothisheataddition,ifa higherdegreeofaccuracy
isdesired.

Throughoutthisanalysisthetunneltermtialshockwasassumedto
be locatedinthetestsectiondownstreamofthemodel.Thisrepresents
peakefficiencyoperationofa tunnelhavingno secondthroat.While
thisispossible,mosttid tunnelsarenotoperatedat peakefficiency
butareoperatedwiththeterminalshockpositioneda shortdistance
downstreamofthestartofthetunneldiffuser.Ifthisisthecase,
theresultsofthispeakefficiencyanalysismustbe correctedforthe
additionaldiffuserlosses.h general,however,thetrendstidi~ted
by thisanalysiswillbe unaffected.Thisconstant-areaanalysisis
notapplicablefortunnelswithsecondthroats.

—..———— . —— .—
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Considerationhasbeengiwn to theproblemoftestingan engine
havingan 8-inchoutletdiameterinan 18-by 18-tichtunneloperating
at a Machnumberof3.1. Tole foundareth effectsupontunnel
operatingconditionscausedby variationsin z andtheexit-nozzle
throatareaoftheenginebeingtested.

~ thissolution,theenghe-airmass-flowratiowasassumedtobe
unity.Equation(11)wasusedto ccmputevaluesofenginepressure
recoveryP2/Po forvariousvaluesofeat MachnumberM2 and %.
In orderto stiplifytheproblem,itwasassumedthat A2/Ao= 1 and
thattheenginewaEa perfectcylinder,makingtheccmditionsat
stationsO and1 equal(seefig.4).

Withconditionsat stations1 and2 lamwn,theconditionsinthe
tunnelaftermixingwereobtainedby useofequations(9)and (4). The
resultsofthesecomputationsareplottedinfigures8 and9.

Figure8 showstunnelMachnumberaftermixingdownstreamofthe
normalshockinthetestsectionM3, asa functionofenginepressure
recoveryforvarioustotaltemperatureratios.Linesof constantengine-
exitMachnumberme shown.Figure9 showsresulttigtunnelpressure

4recoveryF3,/Pl as a functionof he sameindependentvariables.

Increasesintotal-temperatureratio,whileholdingeitherM2 or
P2/Po constant,resulth highervaluesof M3, and P3t/P1.An
ticreaseintheenginepressurerecovery,whileholdingthetotal-
temperatureratioconstant,ticreasesthetunnelpressurerecoveryand
decreasesthevalueof M3t.

Theincreaseh thetunnelpressurerecoverieswithincreasing
total-temperatureratios(greaterheataddition)isexplainableas
fOllows. lh?cmthetheoryofOne-dimensionalgasflow(ref.1),these
factsmaybe statedaboutconditionsat statim3’: (1)At a constant
valueoftotaltemperature,decreasesh totalmamentum(@(l + 7M2))
atthisstationwillresultin ticreasedvaluesof M3, anddecreased
tunnelpressurerecoveryP3,/Pi,and (2)Iftotalmomentumisheld
constant,increasesinenergywillresulttngreatervaluesof M3t
andsmallertunnelrecoveries.

#

lh figures8 and9,linesof constantz arelinesof constant
energy(constantT31). Linesof constanttotalmomentum .

(aX= constant)havebeendrawnon.ea$hfigure.Iargervaluesof
~
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.
aX areaynonomouswithgreatertotalmomentumat statioq3’ (eq.(4)),
as station1 representstunnelfree-streamconditionswhichareconstant.
If changesareolservedalongtheseenergycmdmomentunlines,the
resultsareseentobe inagreementwiththeone-dimensionalgas-flow
theory.Variationsin P31/P1withchangesin fuel-airratiosare
thereforean effectof crxnbinedmomentumandenergychanges.

CONELUDINGRIMARKS

A one-dtiensicmalanalysisoftheresultsoftheparallel-Jet
mixingencounteredinthetestingofenginesh supersonicw3ndtumnels
hasbeenreported.Thistypeofanalysispresentsa reasonableapproach
to obtainingapproxhatefiguresforthetunneloperattigconditions
whilethetunnelisstill3nthedesignstage.Thesefigureswouldbe
basedupontheknowntunnelgecunetryandinletconditionsandesttiations
ofthemodelgeometryandvaluesoftheengine-performanceparameters.
Additionalequatiohsarepresentedforevaluationof changesdueto the
burningofexcessfueldownstreamoftheengine-exhauststation.

Intheevaluationofthepropertiesoftheengine-exhaustjetand
theresultant(mixed)stream,ithasbeendemonstratedthatthe
assumptionsofconstantCP md 7 introduceno signffioanterrorsin
thefinalresults.

LewisFlightPropulsionlaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January5, 1953
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AX’PENDIXA *

DISCUSSIOIVOl?ERRORINVOLVEDINASSDWTIONOF CONSTANT7 AND Cp

h viewofthevaluesoftemperatureassociatedwiththetestingof
enginesh supersonicwindtunnelsandthevariationsof ~ and 7 at N+
thesetemperatures,theassumptionbf constantCP and 7,asmadeh Pc1
themixingsolutionandinthedetemhationof exhaust-~etpropetiles,
appesxsjustified.

To illustrate,itisassumedthatthetotaltemperatureofthe
exhaustjetislimitedto a maxhumof3000°R, a valuetasedapprox-
imatelyonthehighesttemperatureswhichpresent-daymaterialscan
withstand. It isalsoassumedthattheetiust-jetMachnumberwillbe
greaterthanorequalto 1.6,a reasonablevalueforan engineoperating
ina supersonicstreamofmoderateMachnumber.Thesefactorsplace
anupperlimitofapproximately2000°R onthestatictemperatureofthe
exhauststream,foran extremecase.It isto be realizedthatasthe
etiust-~etMachnumberticreasesortotaltemperatedecreasesorboth, “
thevalueof itsstatictemperaturedecreases.

Ihtheusualsupersonicwindtunnel,airis expandedto a tempera-
tureoftheorderof200°R, althoughthisfiguremaybe decreasedcon-
siderablyforhypersonictunnels.Hence,therangeofstatictemperatures
ofimportanceinthe~ problemisfrom200°to 2000°R. Themixed
stream,priortothetunnelterminalshock,wouldhavea statictempera-
turegreaterthan,butmuchcloserto,the200°R figure,If supersonic
mixingexisted.Thisisa resultofthesmallmassflowthroughthe
engine(hotair)as ccnnparedwiththatthroughthetunneladjacentto
theengtie.Thetunneltermhalshockmaycausethestatictemperature
to increaseby a factorof2 or3,buta valueof2000°R isstillfelt
tobe anupperlimitofstatictempe~tureina veryextremecase.

Forair,the~iations in Cp and 7 are (ref.2):

t,
OR

200
500
1000
1500
2000 t

CP‘ 7
Btu
lb-%
0.23951.400
.2400l.iOO
.24881.380
.26$41.349
.27761.328

,1

.
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For2000°R thevariationsin Cp and 7 fromthevaluesof200°R
* are15.8and5.2percent,respectively,althoughthesemriationsdecrease

rapidlyfortemperatureslessthan2000°R. b therangeoftemperatures
from200°to 540°R,both Cp and 7 areconstant.

Nc)
g To shuwtheeffectsupontheaccuracyoftheresultsofthemixing

problemwhen 7 and ~,areassumedconstant,thefol.lowingproblem
wasconsidered:

Tunnelsize,18in.hy 18in.

Modelsize,8 in.diam.

M. = 3.1

M2 = 1.76

To= 550°R

T2 = 2370°R
.

~c= 100percent

Theexhaust-jetpropertieswerefoundfromthesedata,andthenthe
mixingequationswereapplied,bothwith Cp and 7 assumedconstant
andwithvaluesof Cp and 7 dependentuponthetemperature.The
lattermethodinvolveda trial-and-errorsolution,thedetailsof
whicharenotpresentedhere.A tabulationofresultsforbothcases,
alongwithper~entagevariations,follows:

EConstant~endy
VariableC$
and 7

CP,2Variation
h %’
peroent

I

--l0.2400
9.6

0.263I

y2 Variation~, Vwiation
In 7, h M31,
peroent peroent

i.400 0.580
3.4 2.6

1.352 0.565

P3,/P1

0.332C

0.328E

Variation
in

percent

1.1,

Largevariationsin CP &d 7 aresbentore’suitinverysmallvaria-
tionsinthefinalresults.

—— .— ————
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AFPENDIXB “

BEATADDITIONINMIXINGREGION

Theequationgovemklngtheflowofa fluidin a constant-areachannel
withheatadditioncanbewritten

Momentumequatim

p(l+ mz) = p“(l+

Divisionofthecontinuityequationby

(Bl)

7M”2) (B2)

themomentumequationyields .

F’WR=[””=J(.,

Equation(B3),whensquared,becomes

()

l-y,,

Ny’ P “

Applicationofthisrelationtothesolution
fields

()
T3,1

— =q311~3 T3

(B4)

ofthemixingproblem

(B5)

Thereforeit isseentkt Q3i’canbe directlyobtatiedfrom ~ by

theequation

Theratio !T3tl/T3isgiventitermsoffuelheattigvalueand
enginecmnbustionefficiencyas

(B6)
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r

‘~
-s where

and

()1+=
T3 =T1 3

1+%’
Combiningequations(B7),(B8),and (B9)yields

+1

Thecombustionefficiencyqc isgiven

men Q311hasbeeneyaluated,.M3,,may

approxhnatelyas

be‘obtainedfrom

(B7)

(I!a)

(B9)

(B1O)

(Bll)

figure1. Choiceofthesubsonicor supersonicsolution”isdetez’mined
by thesamefactorsdiscussedinrelationto equaticm(9)orsupersonic—
windtunnels.

Theconservationofmoment~andmassflow
processallowstheuseofe@atione(4)tid(6)
and t31f,respectively,fmm thevalueof M31r...

-.

duringtheheat
fordetermtiing

additidn
p3n

A ‘compariscmofequations(9)and (B6)illustratestheeffectof
.. heatadditioninthemtx@ regim. Since T31!/T3isalwaysgreater

thanunityforsucha heataddition,then 9311>Q3, andhence
.

. .—— —— —.— — —_______ ———
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M31!>M31.Additionofheatinthemixingregionthereforecausesan
increasetithesubsonicMachnumberat statim3. A furthereffect,
as indicatedinreference1,isto causean ticreaseh theentropyof
thestream,witha subsequentdecreaseintotalpressureat station3.

1.

2.

Shapiro,AscherH.,andHawthorne,W. R.: TheMechanicsandThermo-
dynamicsofSteadyOne-DtiensionalGasl?low.Jour.Appl.Mech.,
vol.14,no.4,Dec.1947,pp.A317-A336.

Keenau,JosephH.,andKaye,Joseph:ThermodynamicPropertiesof
Air. JohnWiley& Sons,Ihc.,1.945.

.

.
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10 9 8 ‘7 6 5 4 3 2 1
Machnumber,M.,

Figure1. - Variationof functionq withMachnumberforal??(ratioof specificheats,1.4).
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